The discovery of an enzyme activity closely associated with RNA-directed DNA polymerase from avian myeloblastosis virus (AMV) (1), ribonuclease H (RNase H), has provided stimulus for the structural identification of specific enzyme activities that may be involved in viral DNA synthesis. RNase H specifically degrades the RNA moiety of RNA* DNA hybrids and is present in 10 different RNA tumor viruses (2) . A major and a minor peak of DNA polymerase activity have been noted in lysates of AMV after phosphocellulose chromatography (3) . The structure (4) and properties (3, 4) of only the protein with the major enzyme activity have been studied. In this report we present results of studies on the structure and catalytic properties of the proteins containing both enzyme activities. Our results show that both RNase H and DNA polymerase activity reside on a single polypeptide subunit.
MATERIALS AND METHODS
Virus Purification and Nucleic Acid Isolation. Avian myeloblastosis virus, BAI strain A, was purified as described (5) merase and RNase H activity were pooled; protein was precipitated by addition of solid ammonium sulfate to give 60% saturation. The precipitate was collected by centrifugation, dissolved in a minimum volume of 0.2 M potassium phosphate buffer, and dialyzed overnight against the same buffer.
The dialyzed DEAE-cellulose eluate was diluted 10-fold with 10 mM phosphate buffer and adsorbed to a 1 X 25 cm phosphocellulose (Whatman P-11) column. After a wash with four column volumes of phosphate buffer, the column was developed with a 200-ml linear gradient of 0.01-0.5 M potassium phosphate. The peaks of DNA polymerase activity were pooled and concentrated by cyclic dialysis against 50 and 10% glycerol in 0.2 M phosphate buffer. Each cycle required 24 hr to complete and reduced the sample volume by 50-60%. The dialysis bag was tied after each cycle to maintain the reduced volume. The last dialysis was with 50% glycerol, and the enzyme was stored at -20°.
Glycerol Gradient Centrifugation. Before centrifugation the enzyme preparations were either diluted or dialyzed for 2 hr with 10% glycerol in the appropriate high and low salt buffers described below. Enzyme preparations purified on phosphocellulose were centrifuged in 4.8-ml gradients of 20-40% glycerol containing 0.35 M KCl, 50 mM Tris HCl (pH 8.0), 0.2% NP40, 3 mM dithiothreitol, and 0.1 mM EDTA (high salt). In the low salt gradient, KCl was omitted. Centrifugation was for 24 hr at 20 at 46,000 rpm in an SW50.1 rotor. Fractions of 0.2 ml were collected from the bottom of the tubes and assayed. The peak fractions were pooled and concentrated by cyclic dialysis as described above against 0.2 M KCl-50 mM Tris * HCl (pH 8.0)-3 mM dithiothreitol-0.1 mM EDTA in 10 and 50% glycerol.
Nondissociating Polyacrylamide Disc-Gel Electrophoresis. Nondissociating polyacrylamide gels were prepared and run by the procedure of Brown (10), except 4% acrylamide was used in the absence of calf-thymus DNA. Enzyme preparations were diluted before electrophoresis with 0.1 M potassium phosphate (pH 7.5)-50 mM glycine-15 mM dithiothreitol. Gels (0.6 X 6.0 cm) were run at 10 mA per gel at 40 for 4-8 hr. The gels were cut into 2-mm slices and eluted with 0.2 ml of 0.1 M potassium phosphate (pH 7.5)-10 mM dithiothreitol-10% glycerol.
Gel fractions to be examined by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis were further eluted by addition of SDS to a final concentration of 1% and incubation overnight at 250. The gel fragments were removed by centrifugation, and the protein in the supernatant was precipitated with cold 10% trichloroacetic acid. The precipitate was collected by centrifugation and dissolved in denaturing solution (see next section). After addition of bromophenol blue to 0.1%, the pH was adjusted to 7 by addition of NaOH (2 N).
SDS-Polyacrylamide Disc-Gel Electrophoresis. SDS-polyacrylamide gels were prepared and run by the procedure of Maizel (11) . Electrophoresis was performed with 0.5 X 11 cm gels of 6% acrylamide at 8 mA per gel at 250 for 6 hr. Proteins were denatured for 10 min at 1000 with 1% 2-mercaptoethanol, 1% SDS, 10 mM sodium phosphate (pH 7.1), and 10% glycerol (denaturing solution). Gels were stained with 0.05% Coomassie blue in methanol-acetic acidwater (5:1:5, v/v) for 2 hr at 370 and were destained with 10% methanol in 7.5% acetic acid for 48 hr.
Enzyme Inactivation by Antibody. Gammaglobulin, purified from antisera prepared against purified AMV polymerase that contained two subunits with molecular weights of 110,000 and 69,000 (4) Chromatography on phosphocellulose gave two peaks of DNA polymerase activity (Fig. 1A) . The first phosphocellulose peak (peak PCI) represented 10-15% of the total (Fig. 1B) , almost completely overlapping peak PCI and only partially overlapping peak PCIL.
RNase H cochromatographed with DNA polymerase activity in both peaks PCI and PCII (Fig. 1A and B) Subunit Structures of Peaks PCI and PCII. The subunit structures of peaks PCI and PCHl purified on glycerol gradients were examined by SDS-polyacrylamide disc-gel electrophoresis. Peak PCI contained one major subunit (Fig. 3, gel 2) , which we call alpha (a). Several minor contaminating bands that can be removed by gel electrophoresis were also present after glycerol gradient centrifugation. Two subunits were resolved in peak PCII (Fig. 3, gel 4) , designated a and beta (,) in order of decreasing mobility. Peaks PCI and PCHl were mixed and examined by SDS-polyacrylamide gel electrophoresis (data not shown). The a subunits of PCI and PCII had identical mobilities. For comparison, SDS-polyacrylamide gels of phosphocellulose peak I (gel 1) and peak II (gel 3) are also shown in Fig. 3 . Gel patterns identical to those in Fig. 3 were obtained with proteins treated with iodoacetamide (17) before gel analysis.
The molecular weights of AMV DNA polymerase subunits were determined from a standard curve (data not shown) that related the logarithm of the molecular weight to the distance of migration of polypeptides on SDS-polyacrylamide gels. The molecular weight markers used were: adenovirus hexon, bovine-serum albumin, gammaglobulin, ovalbumin, chymotrypsinogen, and cytochrome c. The molecular weights of a and , were estimated to be 65,000 and 105,000, respectively.
The amount of j8 relative to a in peak PCII was determined by measurement of the area under each subunit peak in densitometric tracings of SDS-polyacrylamide gels stained by Coomassie blue of peak PCII purified on glycerol gradients. The ratio of the amount of , relative to a determined by this method was 1.7; the ratio of the molecular weight of , relative to a was also 1.7. Therefore, the relative molar concentration of a and ,B was 1.0. The subunit structural formulas for peaks PCI and PCII were, therefore, a and ao, respectively, or an integral multiple thereof. The 90,000 molecular weight estimated from density gradient analysis for peak PCI could be consistent with either a or a2. The molecular weight of peak PCII estimated by density gradient analysis   FIG. 3 . SDS-polyacrylamide disc-gel electrophoresis of peaks PCI and PCII before and after glycerol gradient purification. From top to bottom, the amount of protein applied to each gel was (1) 16 ,ug of peak PCI, (2) 2 jug of peak PCI purified on a glycerol gradient, (3) 10 ,ug of peak PCII, and (4) 3 ,ug of peak PCII purified on a glycerol gradient. Gels were stained with Coomassie blue. (Fig. 4A ) and peak PCII (Fig. 4B) showed that for each, both enzyme activities comigrated. In addition, AMV 70S RNA-directed DNA polymerase activity comigrated with the above two activities in gels from both enzymes (data not shown). Usually 60-80% of input DNA polymerase activity could be recovered from the gel.
The subunit structure of-peaks PCI and PCHl after nondissociating polyacrylamide gel electrophoresis was determined by extraction of the protein in the two gel fractions with the highest DNA polymerase activity and analysis of the protein on SDS-polyacrylamide gels. Superimposed densitometric tracings of SDS gels of peak PCI, peak PCII, and a blank are shown in Fig. 5 . Only a was present in PCI, while both a and were present in PCIL. These results were highly reproducible with several different enzyme preparations. Thus, both DNA polymerase and RNase H activity reside on a in peak PCI.
DISCUSSION
Two structurally different forms of RNA-directed DNA polymerase having RNase H activity, a and a13, were purified from AMV. Chromatography on phosphocellulose separated the two enzymes with a (peak PCI) eluting at 0.11 M and ad (peak PCII) at 0.22 M potassium phosphate. Both forms of the enzyme were also physically separable by glycerol gradient centrifugation and nondissociating polyacrylamide gel electrophoresis.
Based on SDS-polyacrylamide gel electrophoresis of aO, a and had molecular weights of 65,000 and 105,000, respectively. The AMV DNA polymerase isolated by Kacian et al. (4) had subunits of 69,000 and 110,000, and is probably identical to ad. We estimated the molecular weight of ad to be 160,000 by density gradient centrifugation, in agreement with the results of Hurwitz and Leis (3).
Chromatography of peak PCII a second time on phosphocellulose gave both peaks PCII and PCI. The a subunits of a and ao had identical molecular weights and common antigenic determinants. These results strongly indicate that the a subunits are identical, and suggest that the source of a is aO. The possibility exists that a and ad are unique to different virus types (18) , but this seems unlikely because of the identity in molecular weight and antigenic relatedness of a in a and aO.
DNA polymerase and RNase H activity in AMV are located on a in peak PCI, and probably on the a subunit of aO.
The biological function of , in peak PCII has not been determined. The origin of the # subunit in peak PCII is also open to question. It is interesting that only avian RNA tumor viruses appear to have the # subunit associated with RNAdirected DNA polymerase (2-4, 12, 19, 20) . Perhaps af3 in AMV is analogous to purified Qj3 replicase, which is composed of both a viral and several host-specific polypeptide subunits (21, 22 
